We prepare a Fermionic superfluid of about 5×10 6 6 Li atoms in a cigar-shaped optical dipole trap and demonstrate that in the weak residual magnetic field curvature, the atom cloud undergoes an oscillatory quadrupole-like expansion over 30 ms. By analyzing the expansion dynamics according to the superfluid hydrodynamic equation, we derive several parameters characterizing quantum state of the trapped Fermionic superfluid, including the Bertsch parameter ξ at unitarity and the effective polytropic index γ over the whole BEC-BCS crossover. The experimental estimate ξ = 0.42(2) agrees well with the quantum Monte Carlo calculation 0.42(1). The γ values show a nonmonotonic behavior as a function of interaction strength, and reduce to the well-known theoretical results in the BEC, BCS and unitary limits. With an exquisite control of interaction strength and other physical parameters [1, 2] , degenerate Fermi gas (DFG) has become a versatile platform to study a wide variety of fundamental questions and phenomena, ranging from high-temperature superconductor, neutron star to quark-gluon plasma of the early Universe [3, 4] . Important experimental progresses include realization of molecular Bose-Einstein condensate (BEC) [5, 6] , generation of vortices in a rotating Fermi gas as a conclusive evidence of Fermionic superfluidity [7, 8] , and precise study of superfluid phase transition and universal properties via direct measurement of the equation-of-state (EoS) of DFG [9] [10] [11] [12] etc.
With an exquisite control of interaction strength and other physical parameters [1, 2] , degenerate Fermi gas (DFG) has become a versatile platform to study a wide variety of fundamental questions and phenomena, ranging from high-temperature superconductor, neutron star to quark-gluon plasma of the early Universe [3, 4] . Important experimental progresses include realization of molecular Bose-Einstein condensate (BEC) [5, 6] , generation of vortices in a rotating Fermi gas as a conclusive evidence of Fermionic superfluidity [7, 8] , and precise study of superfluid phase transition and universal properties via direct measurement of the equation-of-state (EoS) of DFG [9] [10] [11] [12] etc.
Among various techniques for gaining information on the properties of DFG, measurements on expansion dynamics of atom cloud released from trap are established to be a powerful tool [13] [14] [15] . Hydrodynamic behaviors [13] are well revealed and the interaction energy of DFG is obtained in the BEC-BCS crossover [16] . Collective effect is observed in hydrodynamic expansion of a strongly interacting Fermi-Fermi mixture [15] . Very recently, shear viscosity [17] [18] [19] , conformal symmetry breaking and scale invariance [20] are explored during the study of expansion of DFG. However, the expansion time of DFG is limited to a few milliseconds [13, 15, 19] , preventing observation of various interesting and important phenomena. In particular, long-time quadrupolelike expansion predicted by the superfluid hydrodynamic equation has not been achieved [14] .
In this Letter, we prepare a Fermionic superfluid of about 5 × 10 6 6 Li atoms at temperature T /T F = 0.06(1) in a cigar-shaped optical dipole trap, with T F the Fermi temperature. By suddenly switching off the optical trap, we observe a quadrupole-like expansion of the superfluid in the weak residual magnetic field curvature, persisting for a long time of more than 30 ms. A pronounced feature is that the anisotropic atom cloud displays an oscillatory expansion behavior; namely, the cloud sizes in the radial and axial directions oscillate during expansion.
The expansion dynamics is qualitatively consistent with the numerical solution of a hydrodynamic equation of motion for trapped superfluid, and quantitative agreement is further observed during the first several milliseconds of expansion. From a least-squares-criterion fitting, we obtain several parameters characterizing quantum state of the trapped Fermionic superfluid. The socalled Bertsch parameter ξ at unitarity is determined to be ξ = 0.42 (2) , in an excellent agreement with a fixednode quantum Monte-Carlo calculation 0.42(1) [21] . The results for the effective polytropic index γ of EoS are obtained over the whole BEC-BCS crossover, and is found to display a nonmonotonic behavior as a function of interaction strength [14, 22] . In the BEC, BCS and unitary limits, the γ values are well consistent with the well-known theoretical predictions. The long-life oscillatory expansion dynamics and the successful derivation of quantitative informations can be attributed to the large atom number and the sufficiently low temperature of the prepared Fermionic superfluid. Our work serves as an example towards high-precision study of static and dynamic properties of DFG.
Oscillatory expansion at unitarity.
The experimental setup has been described in our previous works [23] [24] [25] . We start with a mixture of 6 Li and 41 K atoms in an optically-plugged magnetic trap, where the 6 Li atoms are sympathetically cooled by the 41 K atoms. After the final radio-frequency (rf) "knife" of evaporation [26] , the 41 K atoms are exhausted and a pure 6 Li cloud is prepared. Then about 2 × 10 7 6 Li atoms with a temperature of about 50 µK are loaded into the cigar- shaped optical dipole trap (wavelength 1064 nm, 1/e 2 beam waist 64 µm) and immediately transferred to the lowest hyperfine state by a 3 ms Landau-Zener sweep [27] . Next, we adiabatically ramp the magnetic field B to the unitary point with B = 834 G, and apply several rf pulses to prepare a balanced mixture of the two lowest hyperfine states. Forced evaporative cooling is accomplished by exponentially reducing the depth of the dipole trap. After a 3 s evaporation, about 5 × 10 6 6 Li atoms at temperature T /T F = 0.06(1) are prepared. The radial confinement is mainly optical with final trap frequencies of ω y = 2π × 211.9 Hz and ω z = 2π × 200.1 Hz, where y is the radial direction in the horizontal plane and z is the gravity direction. The axial confinement (x direction) is mainly provided by the magnetic field curvature with a trap frequency ω x = 2π × 16.5 Hz at 834 G.
Before expansion, the 6 Li superfluid cloud is held for another 400 ms to achieve fully thermal equilibrium. Then the optical dipole trap is abruptly switched off and the 6 Li cloud is expanded in the residual magnetic field curvature. To minimize the asymmetric effect caused by the repulsive potential in z direction, a magnetic field gradient of ∂ z B = 1.1 G/cm is simultaneously turned on to levitate the superfluid at the saddle point. An imaging system with resolution of 2.2 µm is employed to obtain high quality images [23] . The experimental results are shown in Fig. 1 , where pictures are taken at a time interval of 1 ms. Thanks to the large atom number of the prepared 6 Li superfluid, an oscillatory quadrupole-like expansion persists for a long time of over 30 ms, during which the cloud sizes in the radial and axial directions both oscillate as a function of expansion time t. This is unlike ballistic or anisotropic expansion in Refs. [13, 17] , where atom cloud keeps expanding. The oscillatory behavior can be characterized by the aspect ratio R y (t)/R x (t), where R x (t) and R y (t) are respectively the radii in the x and y directions. With an initial value of 0.078 at t = 0, the aspect ratio increases, reaches a maximum value of 8.5 at time t 0 ∼ 17 ms, and gradually decreases after t 0 . We define quantity f 0 ≡ 1/2t 0 as quasi-frequency of the oscillatory ex- Oscillatory expansion at BEC-BCS crossover. With the same procedure, oscillatory quadrupole-like expansions are observed in the whole BEC-BCS crossover and for various temperatures T . The quasi-frequency f 0 is recorded and normalized by the B-dependent residual frequency f x = ω x /2π. The results in Fig. 2 show that the normalized quasi-frequency f 0 /f x drops significantly from the BEC side to the BCS side and reaches a minimum around 860 G, particularly at low temperatures. As T goes up, the normalized quasi-amplitude A 0 of the oscillatory expansion decreases from 49% (T /T F = 0.13(3)) to 25% (T /T F = 0.27(4)), and the B-dependence of nomalized quasi-frequency f 0 /f x is smoothed out. The absolute slope |(1/f x )(δf 0 /δB)|, calculated from a pair of neighboring data points, roughly has a bump near the resonance at low temperature (the inset of Fig. 2 ). For T > 0.18(2)T F , the bump is significantly suppressed, implying that the cloud might mostly consist of thermal atoms. We note that in Ref. [28] , the breathing-mode frequency of a trapped Fermi 6 Li gas is observed to display a similar B-dependence as the curve of f 0 /f x in Fig. 2 ; the measurements in Ref. [28] are very precise, and beyondmean-field effects are accurately extracted and found to be consistent with quantum Monte Carlo calculation.
Quantitative analysis. To quantitatively analyze the expansion dynamics, detailed knowledge of EoS of 6 Li superfluid is required. We take an often-adopted "polytropic" form of EoS [22, 29, 30] , µ(r) ∝ n(r) γ , relating the local chemical potential µ(r) to the local density n(r). The polytropic index γ is governed by the interaction strength 1/k F a (k F is the Fermi momentum and a is the scattering length). On this basis, the superfluid hydrodynamic equation is obtained
where i = x, y, z, b i (t) = R i (t)/R i (0) is the normalized radius, V (t) = i b i (t), and effective polytropic indexγ is trap-dependent. In the BEC limit (1/k F a ≫ 1) one has µ(r) ∝ n(r) and thusγ = 1, while in the BCS limit (1/k F a ≪ −1) and the unitary limit (1/k F a = 0), µ(r) ∝ n(r) 2/3 leads toγ = 2/3. Figure 3 shows the experimental results of the aspect ratio R y (t)/R x (t) at 767 G (deep BEC side), 834 G (unitary) and 1003.2 G (deep BCS side). Also shown are the numerical solutions of Eq. (1) (red lines), where the knownγ values have been used. Quantitative agreement is found during the early stage of expansion and up to a long time of over 11 ms on the BEC side and at unitarity; the agreement is up to 6 ms on the BCS side, where fragile pairs might break during expansion. Afterward, the general trends still agree qualitatively, while large deviations occur around the turning point, where the superfluid becomes a quasi-2D cloud and surface tension effect cannot be simply neglected.
At unitarity, the so-called Bertsch parameter ξ is an important parameter characterizing the trapped superfluid. It is known that the cloud radius R x (0) and the ThomasFermi radius R F x are related as R x (0) = ξ 1/4 R F x [4, 14] . During expansion, the superfluid cloud becomes less saturate and the measured radius R x (t) by absorption imaging is expected to be more precise. Making use of the quantitative agreement of the early expansion, we extract the initial radius R x (0) = 0.418(5) mm from the least-squares-criterion fitting of R x (t) with t ≤ 11 ms. Together with the experimental measurement R F x = 0.519(5) mm, we determine ξ = 0.42 (2) , in an excellent agreement with the fixed-node quantum Monte Carlo calculation 0.42(1) [21] . We also mention that the experimental result of the normalized quasi-frequency f 0 /f x = 1.80 in Fig. 2 agrees well with the numerical solution of Eq. (1), which gives f 0 /f x = 1.77.
Quantitative analyses are then carried out for the strongly interacting regime (1/k F |a| < 1), whereγ is unknown. We fine tune theγ value in Eq. (1) such that the numerical solution fits the experimental data with t ≤ 11 ms for 1/k F a > −0.3 and t ≤ 6 ms for 1/k F a ≤ −0.3. The results ofγ are shown in Fig. 4 , with standard deviations less than 3.5%. Theγ value smoothly decreases from the BEC to BCS side, reaches a minimum value of 0.55(1) at 1/k F a ≈ −0.27, and then gradually increases to the theoretical value 2/3 in the BCS limit. Our results are consistent with the theoretical predictions in Ref. [14, 22] .
In summary, we successfully demonstrate that in the weak residual magnetic field curvature, an anisotropic Fermionic superfluid cloud experiences an oscillatory quadrupole-like expansion for over 30 ms. The oscillatory behavior is well supported by a superfluid hydrodynamic equation, and quantitative agreement is found during the early stage of expansion up to 11 ms. To sustain such a long time of expansion and oscillatory behavior, a large atom number of the atom cloud (5 × 10 6 in this work) is needed. Further, we extract the radius of the trapped superfluid from the first several milliseconds of expansion and obtain the Bertsch parameter 0.42 (2) . The excellent agreement with the quantum Monte Carlo calculation 0.42(1) implies this simple method can be reliably used to estimate the cloud size. The effective polytropic index of EoS is also determined for the whole BEC-BCS crossover, and is found to be consistent with the numerical calculations in Ref. [14, 22] . We expect that with large atom number and low temperature, high-precision study of many interesting static and dynamic phenomena in Fermionic superfluid becomes promising, which include elliptic flow [15, 17] , normal-superfluid phase transition [31] , and super-Efimov effect [32] [33] [34] etc.
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